Human settlements are expanding in species-rich regions and pose a serious threat to biodiversity conservation. We quantify the degree to which this threat manifests itself in two contrasting continents, Australia and North America, and suggest how it can be substantially alleviated. Human population density has a strong positive correlation with species richness in Australia for birds, mammals, amphibians, and butterflies (but not reptiles) and in North America for all five taxa. Nevertheless, conservation investments could secure locations that harbor almost all species while greatly reducing overlap with densely populated regions. We compared two conservation-planning scenarios that each aimed to represent all species at least once in a minimum set of sampling sites. The first scenario assigned equal cost to each site (ignoring differences in human population density); the second assigned a cost proportional to the site's human population density. Under the equal-cost scenario, 13-40% of selected sites occurred where population density values were highest (in the top decile). However, this overlap was reduced to as low as 0%, and in almost all cases to <10%, under the population-cost scenario, when sites of high population density were avoided where possible. Moreover, this reduction of overlap was achieved with only small increases in the total amount of area requiring protection. As densely populated regions continue to expand rapidly and drive up land values, the strategic conservation investments of the kind highlighted in our analysis are best made now.
T
he size, growth rate, and consumption patterns of the global human population are significant threats to biodiversity (1) (2) (3) (4) (5) , yet little attention has been given to the conservation implications of where people live. Human settlement patterns impact biodiversity directly (e.g., habitat alteration) and indirectly by influencing land prices and other costs of achieving conservation (6) (7) (8) (9) . Human population density is positively correlated with deforestation in tropical forests (10, 11) , abundance of invasive species (12, 13) , and extinction rates and the proportion of threatened species in important taxa (14) (15) (16) (17) (18) . These studies suggest that human population density may be a useful surrogate measure of the impact on biodiversity of a range of activities associated with human settlements (e.g., habitat clearance, waste disposal, recreation, and hunting). There is an urgent need, therefore, to characterize the level of spatial overlap between densely populated and biodiverse areas and to evaluate options for alleviating potential conflict (19) (20) (21) .
Methods
Population Density and Taxon Correlations. We investigated the spatial congruence between human population density and species distributions of birds, mammals, reptiles, amphibians, and butterflies across Australia (including Tasmania and Kangaroo, Bathurst, and Melville islands) and North America (the continental United States and Canada). We examined broad correlative relationships between human population density and (i) species richness, (ii) the percentage of threatened species, and (iii) the percentage of species with restricted geographic distributions (the latter two groups are of particular conservation concern) (22, 23) .
For Australia, data were collected at a spatial resolution of 1°-grid cells, from The Atlas of Australian Birds (www. birdsaustralia.com.au͞atlas͞index.html) and published sources (24) (25) (26) . Threatened species were those listed nationally as endangered or vulnerable by the Australian Federal Government under the Environment Protection and Biodiversity Conservation Act 1999 (www.erin.gov.au͞biodiversity͞threatened͞ species͞index.html). Species with restricted geographic distributions were defined as those that occurred in four or fewer grid cells (mostly contiguous). For North America, data were collected across 110 ecoregions (see ref. 27 for details of data acquisition). Threatened species were those listed as ''critically imperiled,'' ''imperiled,'' and ''vulnerable'' by NatureServe (2001) (www.natureserve.org͞explorer). Restricted species in North America were defined as those occupying only one ecoregion or those with a total range of Ͻ50,000 km 2 . We divided the number of threatened or restricted species in each grid cell or ecoregion by the total number of species therein to obtain a percentage of threatened or restricted species (i.e., a normalized index). Only native terrestrial or freshwater species were included. Estimates of human population density for 1995 were obtained from the Gridded Population of the World, Version 2 (http:͞͞sedac.ciesin.columbia.edu͞plue͞gpw͞ index.html).
We used the following index (modified from ref. 6 ), which combines all five taxa, weighted equally, into a single measure of overall species richness:
where G i(e) is the number of species of group i in the grid cell or ecoregion, and G i(t) is the total number of species of group i in the Australian or North American databases. This index reports the average proportion of the continental species pool that is found in a given ecoregion or grid cell and weights each taxon equally to diminish the influence of species-rich taxa.
As grid cells and ecoregions are contiguous, data are likely to be spatially autocorrelated, thereby reducing P values by overestimating degrees of freedom (28) . Therefore, we do not include P values in our analyses, instead using correlation coefficients (which are unaffected by spatial autocorrelation) to represent the strength of association between variables. Nonparametric Spearman rank correlations were used because the distributions of most data were heavily skewed. complementarity analysis. Even with substantial congruence between human population density and species richness, certain conservation goals still may be achieved if target areas are carefully selected. For example, if species occur in multiple grid cells or ecoregions, it may be possible to select a set of cells or ecoregions that avoid densely populated areas yet still contain most species. We investigated this issue in Australia (where data were most amenable to this approach) for each taxon and all taxa combined. We used the simulated annealing algorithm in the SITES V. 1.0 software program (which is based on SPEXAN reserve selection software; see refs. 29 and 30 for details) with 1,000,000 iterations and 10 repeat runs and selected the best run.
Our conservation goal was to represent each species at least once in a minimum set of grid cells under two scenarios: (i) ignoring human population density by assuming that the cost of acquiring each grid cell was equal and (ii) assigning each grid cell an acquisition cost proportional to its human population density (i.e., avoiding cells of high population density where possible). For both scenarios, we recorded the percentage of selected grid cells in the optimum set that also ranked in the top 10% for human population density and the number of cells required to meet the conservation goal (i.e., representation of each species at least once).
Results and Discussion
Population Density and Taxon Correlations. Human population density was strongly correlated with the overall species richness of all taxa combined in both continents (Fig. 1) , and with the richness of each taxon except reptiles in Australia (Fig. 2 A) . The negative correlation with Australian reptiles probably occurred because many of these species occupy the sparsely populated arid and semiarid regions in the center of the continent. Our results emphasize two crucial points. First, the most biodiverse regions of each continent are also the most threatened by high human population densities. Second, the level of spatial congruence differs among taxa, so relying on popular indicator taxa (e.g., birds) to set conservation policy may lead to failure (31) .
Australia and North America differed markedly in the relationship between human population density and percent of threatened species. In Australia, population density was positively correlated only with threatened reptiles and birds, whereas all threatened taxa in North America had relatively strong positive correlations with population density (Fig. 2B ). In contrast, correlation coefficients between human population density and the percentage of species with restricted geographic ranges were positive for all taxa in Australia, and for each taxon except birds in North America (Fig. 2C) . Correlations between human population density and threatened species or those with restricted distributions are of particular concern because these species are likely to be especially susceptible to the impacts associated with human settlements (22, 23, 32) . It is possible that biogeographical relationships involving species richness may be dominated by wide-ranging species that contribute the majority of distribution records (33) . If these wide-ranging species are largely responsible for the patterns we find above, the congruence between human populations and biodiversity may be less of a concern, because these species could potentially avoid conflict in less impacted areas of their broad range.
To test this suggestion, we repeated the above correlations with each taxon split into range-size quartiles (based on the methods of ref. 33 ) and found remarkably consistent patterns. For almost all taxa, there were strong positive correlations between human population density and species richness in each range-size quartile (Fig. 3) , contrary to the findings of ref. 33 for birds in sub-Saharan Africa. The exceptions were mammals (Australia and North America) and reptiles (Australia). Only for reptiles in Australia did wide-ranging species have a substantial impact on the overall result. Positive correlations were recorded for the first (smallest) to third range-size quartiles (Fig. 3A) , but the strong negative correlation with wide-ranging reptile species in Australia led to a slightly negative correlation overall (Fig.  2 A) . Clearly, the influence of wide-ranging species does not dominate our principal results; human population distribution is a threat to the majority of species regardless of range size.
Sampling bias also may inflate observed relationships between species richness and human population density, because more surveys are likely to be conducted close to population centers. For birds in Australia (the only taxon for which suitable data were available), we found that the number of surveys was indeed highest in densely populated areas (r s ϭ 0.652, n ϭ 772). However, after controlling for sampling intensity with partial correlations (34) , there was still a relatively strong positive correlation between human population density and bird species richness (r s ϭ 0.272). In Australia, sampling intensity for all taxa is probably lowest in the arid inland regions, but these generally species-poor regions likely would not yield many more additional species with further sampling. Sampling bias is unlikely to be a problem in the North American data set, because the size of ecoregions and the relatively high level of sampling suggest that most species have been identified and reasonably well mapped (31).
Complementarity Analysis. Under the first conservation planning scenario, which assumed equal acquisition cost for each grid cell (i.e., ignoring human population density), 13-40% of the cells in the selected set were in the highest decile of population density values. However, when human population density was explicitly factored into the selection algorithm, the overlap between population density and species distribution was reduced to as low as 0%, and in almost all cases to Ͻ10% (Fig. 4A) . Moreover, this remarkable reduction in overlap was achieved with only small increases in the amount of area requiring protection (Fig. 4B) . Therefore, it may be possible to reduce conflicts between biodiversity conservation and human settlements, with only a small increase in the total conservation area required, if factors such as population density are explicitly considered when assessing conservation options.
The threats that human populations pose to biodiversity are well recognized, and the positive correlation between human population density and species richness occurs in both developing (20) and developed (21) regions. Surprisingly, this realization is not commonly translated explicitly into the conservation planning process (but see refs. 20 and 35-37) . The results of our study indicate that there may be substantial opportunities for protecting biodiversity, despite the overlap between human settlements and species-rich regions. Three caveats deserve mention here. First, completely avoiding this conflict is unlikely because numerous range-restricted species occur in densely populated areas. Therefore, it remains an imperative that conservation also occurs where most people live. Second, in some places site selection may be further restricted by substantially modified regions with low population density (e.g., agricultural landscapes where most of the native habitat has been cleared), and this effect also needs to be considered when developing conservation strategies. Finally, consideration should be given to biodiverse areas with low current population densities but rapid population growth rates, because they represent areas where biodiversity is likely to experience substantial threats in the future (9) .
Conclusion
The results of our study present a clear message to conservation planners. In addition to the standard biological data that are used to guide planning decisions (38) , human settlement patterns must be explicitly considered as factors from the very beginning of planning processes. This consideration is crucial to reduce the conflict between population density and biodiversity and to minimize the cost of conservation (9) . As human population density increases, land prices inevitably rise, making conservation an expensive exercise near human settlements. Therefore, considering both biological and demographic data can help to ensure effective conservation at the least cost.
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